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@ Method and apparatus for detecting etator faults In rotary dynamodectrte machines. 



) In order to determine the occurrence of a 
stator fault In an Induction motor during oper- 
ation of the motor, the axial leakage flux Is 
monitored during operation of the motor. The 
occurrence of a stator fault is detected by 
observing a change in selected harmonic com- 
ponents of the axial leakage. The angular posi- 
tion of the fault with respect to a datum position 
rs determined by noting and recording changes 
In the axial leakage flux at a plurality of posi- 
tions distributed symmetrically around the axis 
of the motor and computing the angular posi- 
tion by Wanguiattori. The axial leakage flux Is 
detected by Individual search coBs located at 
said plurality of positions. 



O 

O 

a 

in 



O. 
LU 




a 



Jouve, 18, rue SainHDenis, 75001 PARIS 



PACE 10/23 ' RCVD AT 9/18/2007 3:51:53 PM [Eastern Daylight Time) ■ SVR:USPTO-EFXRF-5/6 « DNIS:2738300 * CSID:4077366440 * DURATION (mm-ss): 06-32 



SEP. 18. 2007 4:09PM 407-736-6440 



NO. 7857 P. 11 



EP 0552 9*1 A2 



This Invention relates to a method of detecting 
and locating stator faults In dynarnoeiectrte machines 
during operation thereof, and to an apparatus for Im- 
plementing the method. For example, the Invention is 
concerned with the detection and location of a short- 
ed turn of the stater Ending by monitoring the axial 
leakage flux. 

Studies on reliability and faflure mechanisms of 
dynamoelectrlc machines with multiturn stator coils 
Indicate that etator Insulation breakdown Is one of the 
major causes of failure* Additionally there Is evidence 
that the majority of stator winding failures In such ma- 
chines result from turn insulation breakdown. In some 
cases where there has been minimal or no core dam- 
age due to the fault % la possible to Isolate the dam- 
aged co9 from the rest of the winding and restart the 
machine. Such an operation may necessitate Isola- 
tion of other cotia In orderto retain balanced operation 
of the machine. In this way the machine can be re- 
turned to service quickly, albeit with degraded perfor- 
mance until a more complete repair or winding re- 
placement can be scheduled. Unfortunately location 
of the failed ooO la difficult and time consuming. 

An aim of the present invention Is to provide a 
method of, and a device for, delecting the occurrence 
of a shorted turn and Indicating its location In the sta- 
tor winding of the machine "while the machine Is still 
running. 

The devtce of the present Invention takes advan- 
tage of the existence of axial leakage flux in practical 
rotating machines. In the ideal machine axial leakage 
flux does not exist since the currents flowing In rotor 
and stator circuits are equal but opposite in direction. 
However, In practice, asymmetries In the winding due 
to Imperfections In construction and materials will re- 
sult In a small imbalance between the rotor and stator 
currents. This Imbalance will give .rise to small but 
measurable axial flux harmonics which can be detect- 
ed by a suitable sensor such as a col placed concen- 
tric with the drive shaft of the machine. 

From a knowledge of the equations describing 
the space harmonic distribution of magnetomotive 
forces In a stator winding and straight forward alge- 
braic manipulation, one can predict mathematically 
which harmonic components of the axial leakage flux 
are present tor a given winding. These are the har- 
monlo components which are normally present m a 
•' •health/ machine- Since these components result 
from asymmetries arising from small defects, fault 
conditions which are major asymmetries will give rise 
to a different set of flux components. Again by consid- 
eration of the rnagnetomotive forces due to tho fault 
conditions these harmonic components can also be 
mathematically predicted. Each class of fault produc- 
es a unique set of axial flux harmonics. On the basis 
of these considerations, the method of the present In- 
vention can be summarized as follows, 

calculate, for a given winding, ail time harmon- 



ics present during normal operation; 

refer these harmonics to the stator frame of 
reference since the sensing coil Is static; 

derive the addttlonal harmonics due to the oc- 
s currence of a shorted turn in the stator winding; and 
look for changes' in these components to Indi- 
cate the presence of an Inter-turn fault 

Once the fault condition has been detected It is 
then necessary to be able to locate the position of the 
10 failed coil within the stator Winding. The location 
method relies on the disruption of the end winding 
magnetic field symmetry due to the fault This field 
asymmetry can be detected by a system of cofls axl- 
symmetrically displaced about the drive shaft The 
is magnitude of the magnetic field sensed by each of 
these coils can be related, using the Blot-Savart law. 
to the angular displacement of the fault position from 
the col. Thup by using a number of colls the location 
of the fault can be derived using a tri angulation tech- 
20 nJque. In this case only the rma value of the coil emf 
Is required; there Is no requirement to measure the 
harmonic components, 

SpecffloaBy, the present Invention provides a 
method of detecting and locating stator faults toady- 
25 namoolectric machine by monitoring changes in axial 
leakage flux during operation of the machine. The 
method comprises: 

identifying the frequencies of selected har- 
monic components of axial leakage f luxthat are to be 
30 significantly affected by the occurrence of a stator 
fault 

detecting the axial leakage flux at each of a 
plurality of positions, including a datum position, dis- 
tributed symmetrically around the axis of the rotor ad- 
ds jacent to an end winding of the stator, 

deriving from the detected flux at each of said 
positions a first signal having a value corresponding 
to the magnitude of the detected flux, 

storing the values of said first signals derived 
40 prior to the occurrence of a stator fault 

deriving from the detected axial leakage flux a 
further signal having a value corresponding to the 
magnitude of said seteoted harmonic components, 
monitoring said further signal and detecting a 
45 change therein thereby detecting the occurrence of 

8 stator fault 

storing the values of said first signals derived 
after the occurrence of the stator fault 

comparing the values of said fast signals stor- 
50 ed before and after the occurrence of a stator fault 
and storing the differences therebetween, and deter- 
mining from said comparison a value representing the 
angular position of the stator fault with respect to the 
datum position, 
as The occurrence of a stator fault representing a 
shorted turn is thus detected by monitoring selected 
axial flux harmonics which are sensitive to the occur- 
rence. The angular position of the fault to computed 
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from stored valueB, namely machine parameters 
which are InttjaOy known and measured value© of the 
flux after detection of the fault 

The preferred method according to the Invention, 
and an apparatus therefor, wl now be described by 5 
way of example with reference to the accompanying 
drawings. In (he drawings; 

■ Figure 1 la a graph showing the waveform of de- 
tected magnetomotive force (MMF) due to a 
shorted stator turn; 10 
Figures 2 and 3 are diagrams fflustratlng the geo- 
metric considerations required h magnetic fiald 
calculation; 

figure 4 is a diagram illustrating the geometry of 
sensors used to detect axial leakage flux; f 5 

Figure 5 Is a partially diagrammatic aiustrstion of 
an apparatus used to monitor axial leakage flux; 
Figure 6 la a diagram Illustrating the general al- 
gorithm used to detect and locate a stator fault; 
and 20 
Figure 7 Is a diagram Illustrating the detailed al- 
gorithm used to locate the stator fault, 

Basic Principles 

26 

In the case of an ideal electrical machine there la 
zero net axial magnetic leakage flux because the sta- 
tor and rotor currents should exactly cancel one an- 
other. However. In practice, due to nonunlformitles In 
materials and construction methods, such a situation so 
does not occur. Hence associated with all rotating ma- 
chines there b a small, but measurable, axial leakage 
flux This magnetic flux can be measured by the sim- 
ple expedient of placing a search coll, or other appro- 
prists magnetic flux sensing device, in close proxfm- 35 
ity to the end region of the machine. The output from 
such a device, when analyzed In the frequency do- 
main, Is manifest as a series of harmonics of varying 
magnitude. From baslo electromagnetic considera- 
tions of electrical machines It is possible to derive ex- 40 
presslons which permit the harmonic components In-' 
herent In the axial leakage flux to be predicted. The 
equations, which are simple algebraic expressions, 
only require knowledge of the number of polee and ro- 
tational speed of the machine, In order to calculate all 43 
possible narmonics for a particular machine. 

The occurrence of a stator fault in an induction 
motor, for example, wffl inevitably result In a change 
in the air gap space harmonic distribution. These 
space harmonics cannot be detected directly by a so 
search coil. However, the search col can detect the 
time harmonics of the axial flux Thus it b necessary 
to derive the relationship between the space and time 
harmonics in order to correctly Interpret the frequen- 
cy spectrum obtained from the search coll. For the 55 
purpose of this work, considering only the supply fun- 
damental end the third harmonic component due to 
saturation; the space harmonic distribution of MMF 



due to a balanced, toll pitched, three phase winding 
fed from a balanced supply "frequency, », Ib given by 

Ml 

m = 0.955Ntfc,iCO6(«tf - P&) + Oj*gscoe(o* ♦ 5pO) 
- O-Ukwrcosfat - 7p0) + 0.09km ,cos<c>t ♦ 

11p9)-...l (1) 
where is the n lh winding factor 
p is the number of pole pairs 
e Is the angular displacement from the stator 

datum 

This represents a rotating set of harmonics of or- 
der 6n±1 which can be simplified to the correspond- 
ing air gap fluxes, 

Bfc «= BiCOsitst-pBJ + BfiCosia^ + Spej-BTCOsiwt- 
7p0) +BnOOB(G*t11pe) (2) 
where B„ are the spatial harmonic fluxes. . 
This expression Is In the stator frame of refer- 
ence. Consequently, because the shaf tflux of the ro- 
tor Is of interest, it Is necessary to refer equation (2) 
to the rotor reference frame. Consider the situation In 
which £ is the angular displacement between the ro- 
tor and stator datum positions, and a is defined to be 
the angular displacement from the rotor datum. Then 
e»a+p. 

. If the angular rotor speed is e>„ then, 
e « a ♦ avt (3) 
now using the normal expression for the slip of 
the motor, Le. a a (ahrt^fa^ where co* the synchron- 
ous speed, « ®/p, 

« ©{1-eyp (4) 
Now, the general term of aquation (2) Is, 
B„ = BoCOsjcDttnpe) (5) 
substituting equations (3) and (4) into (5) leads 

to, 

B M = B B oos[(1±n(1 - e))<Dttnpa] (6) 
Expanding the expression for the first few terms 
gives, 

B, = B 1 cos(8(Dt-pa) + B3COsI(e-5s>Dt + 5pa]- 
. Brcosps - 6)a* - 7pa] + B, f 00S|(12 - 11s) + 11 
P«]^. (7) 
Equation (7) gives the frequency components of 
the currents that are Induced In the rotor due to the 
a> gap space harmonics of a balanced winding and 
supply. In addition to these harmonics, the funda- 
mental of the supply frequency will also appear In the 
axial flux spectrum. The presence of additional, high- 
er order, harmonics can be accounted for by using the 
term no rather than o. 

Having derived the harmonic components of ax- 
ial flux due to asymmetries In a "healthy" machine, 
the situation In which an Interturn short circuit Is In- 
troduced is now considered. The effect of the Infan- 
tum fault Is to remove a turn from the stator winding. 
This will have a small, but finite, effect on the main air 
gap flux distribution. In addition, an emf w91 be In- 
duced In the shorted turn which wffl result in a current 
flow limited only by the serf Impedance of the fault 
This Impedance essentially determines the transition 
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time between turn and groundwall Insulation failure. 

The fault current due to the shorted turn Is the 
source of en additional MMF pulse. This WMF pulse 
also has a space harmonlcdlstrlbution which Is super- 
posed on the main field dlatributioa From previous 
considerations, this will lead to a change in the time 
harmonics observed In the leakage field. The 
changes to be expected can also be predicted math- 
ematicairy, as follows: 

Simple consideration of the MMF distribution due 
to an interturn short circuit leads to the characteristic 
illustrated in Figure 1 . This Is the case for a four pole 
machine. The analysis to be outlined below Is for the 
general case of a 2p pole machine. 

Fourier analysis of the MMF WBveform fflustrated 
In Figure 1, shows that it contains all harmonics ex- 
cept the fourths. La, 

Bp = O.BIBnOOsfmttne^nsft^allm (8) 

For the general case, the corresponding wave- 
form would have a mark-space ratio of 1 :(2p-1 ) caus- 
ing every 2p» harmonic to be abgent Hence the time 
harmonics produced by the rotor are given by, 
B, = 0 azBrtCosKlirKI - sypVitoiaA n * 2pm, 
(9) 

Adding In supply time harmonics of higher order . 
k v leads to the completely genera) expression, 
B. = 0.5KB n oosl(fcfan(1 - syp)o>t±na], n * 2pm, 
(10) 

Although this Is a large series, only the lower or- 
der harmonics are sign tf leant The Key dement of this 
expression Is, 

pan(1-sy P ]f, (11) 

fork =1,3 and n = 1,2,3,. (2p-1) 

The na term in the argument of (10) causes the 
components defined above to beat atthe slip frequen- 
cy of the rotor current 

Thus the following procedure can be employed to 
Identify the stator fault: 

1. Calculate air gap space harmonics due to bal- 
anced supply and winding conditions. 

2. Derive associated time harmonic currents 
(fluxes) In rotor and stator reference frames, 

3. Refer ail time harmonic oomponente to the sta- 
tor frame, since the search coil is stationary. These 
are the components to be expected in the ■healthy" 
machine. 

4. Calculate additional space harmonics injected 
by the occurrence of an Interturn short circuit 

5. Relate these to additional time harmonics In 
the spectrum of the axial field. 

6. U>ok for changes in these components, which 
can be predicted tut a given machine, to indicate the 

presence of an interturn fault 

Having determined that a stator fault condition 
exists, the next task Is to locate the position of the 
fault within the stator winding. The Introduction of a 
shorted turn In the stator winding produces an asym- 
metry In the magnetic field In the endwinding of the 



machine. This is because the short circuit current 
flowing In the fault is not balanced by an equal current 
flowing In the corresponding phase belt which Is sit- 
uated diametrically opposite the faulted turn. Thus, by 
5 measuring the asymmetry In the endwinding magnet- 
ic field the position of the faulted coil wfthln the stator 
winding can be determined. 

The technique relies upon the use of an array of 
at least four search co3a, or other appropriate sen- 
10 sore, distributed axisymrnetrically about the drive 
shaft of the motor. These coos provide a local meas- 
ure of the magneticf leld In the end region of the ma- 
chine. By triangulating the outputs from the search 
cons, it is possible to determine the location of the 
15 stator coil containing the Interturn short circuit In or- 
der to accomplish this function It Is necessary to de- 
velop an expression for the field at any point on the 
circumference of the circle passing through the cen- 
tres of the search coils due to the current flowing bi 
20 the end winding of an arbitrarily positioned turn of the 
stator winding. By invoking the Btot-Savart law and 
with reference to Figure 2, one can deduce 
dB * (m, Idlxa^Mnr 2 (12) 
where B is the magnetic 'fteW strength vector 
25 m is the permeability of free apace 

a^is the unit vector In the z direction 
From Figure 2, and rewriting equation (12) 
dB « (Botdteln^Tir* (13) 
but since dlslnf rdS, 
30 dB - (uoldtyMftr (14) 

Figure 3 illustrates the general case In which the 
shorted turn Is displaced an angular amount y, from 
an arbitrary datum position. In this case R2 la the 
mean radius of the end winding, and R| is the radius 
35 of the circle on which the field Is to be calculated. The 
circles are assumed to be cop&anar and concentric 
-» ThetengthofarcoftheooillsLajidthefieidrneas- 
urement point Is displaced an angle d from the datum. 
Using the cosine rule, 
40 i* » R^^-R^^RjrVostv + o) (15) 

If R2 is very much greater than R t , then L*re, 
thus 

ft - UIBi 2 + Ra? - 2RiRacos(v ♦ S)F> (16) 
From equations (14) and (16), the value of B at 
45 . the field point is given by, 

B = mJL/J4*(Ri* * Ra* - 2R 1 R a oos(y + 5))] (17) 

By f bdng the position of a number of coBs with re- 
spect to the datum, and arbitrarily assigning a refer- 
ence coll at 6 - 0, the value of B at each coil can be 
00 found as a function of v . From the measured values 
of B, v can be found and consequently the position of 
the faulted turn. 

In order to optimize the detection scheme, it Is 
necessary to determine the minimum number of cotts 
55 required for simple and reliable fault location. Consid- 
er the situation In which two cofle are spaced 180° 
apart Each coil will have an Induced emf, proportion- 
al to the flux linking it With reference to Figure 4, and 
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taking the coil at position 1 to be the datum, from 
equation (17), 

B 1 o k/(a-bcosy) (18) 

and 

Ba = k/(a - bcos(v * 180°)) (19) 
thua 

B a = k7(a + boos*) (20) 
• where k = uJL/4* 

b B 2R|R 2 

From eojiaHona (18) and (20), and some rear- 
rangement of the terms, 

cosy « - Ba)J/[b(B, + BJ] (21) 
This expressions locates the fault to within ±y be- 
~ cause, 

±v = oos-H 0.5^,/^ + IVRiHC&i - BaVCBi + BJ)] 
(22) 

In practice the measured values of the emf In- 
duced in the coils can be used because the B values 
are ratloed in equation (22). 

Consequently the values used when attempting 

, fault location should be the modulus of the difference 
between the "healthy* and "faulted - conditions. In or- 
der to locate uniquely the fault, a second set of coils. 
3 and 4, is required, as shown In Figure 4. For conve- 
nience they are displaced at right angles to the axb 
of symmetry of colls 1 and 2. However, the angular 
displacement of the coils is not critical. Repeating the 
location procedure In the same fashion as above with 
the second set of colls, wfll yield ty^ which differen- 
tiates &flrcm toppf, found 1™" 1 and 2. If the high- 
er magnitude coll signed is chosen as the point from 
which to measure, then * will always tall within the 
range of 0° to 90°. In addition, only one quadrant will 
contain an angular position identified using both sets 
of coils. This is the approximate location of the fault 
In order to darify the procedure for locating the 
position of a faulted cofl within the stater winding, ref- 
erence should be made to Figure 4. For the purpose 
of the location algorithm, the colls are grouped bi 
pairs. In this case colls 1 and 2 form one pair, and 
coils 3 and 4 form the other pair. 

Initially, at a point In time at which the motor is 

. considered to be healthy, the Induced emf value on 
each of the colls Is measured and recorded.' In the 
event of an tnteiiurn short circuit occurring, the emf 
values on each of the colls are again recorded. These 
latter values are subtracted from the initial values and 
the modulus of the resultant la taken. Subsequently, 
the four posftive numbers thus derived, La. B,, B* B» 
and B* are Input Into the fault location algorithm. This 
operation results in two expressions, 

± Vp1 - cosrHO^Ri/Ra + Ra/Ri)((B 4 - 
* - B £i{fr + BJ)] 

and, 

±yp - oor<|D.5(Mfc+ Ra/ROWBa-B^Bi + B*))] 
The resultants from these expressions are an- 
gles. The reference points are taken as the colls, in 
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each pair, upon which the largest emf value was re- 
corded. Thus, If for example Coll 1 had the largest 
reading between colls 1 and 2, one would say that the 
position of the fault was ±vPi torn coil 1. Simflarly, If 
s the reading on coll 4 was the larger of the readings 
on cofls 3 and 4, the fault would be located ty^ from 
coll 4. Hence, it Is a simple step to draw the conclu- 
sion that, in this case, the fault must lie In the quad- 
rant between coBs 1 and 4 at the angular position v P r 
10 Tjrpa/2. 

To summarlze>the detection and location scheme 
is as follows: 

from machine parameters calculate the axial 
leakage flux components under normal conditions, 
- 16 calculate which of the harmonics wffl change 

as the result of an interturn short circuit search for 
these components in the axial leakage field of the 
machine, and . 

upon fault Indication apply the fault location 
20 technique described above. 

Implementation of the Method 

. Figure 5 illustrates a preferred apparatus used to 
25 detect and locate the occurrence of a shorted turn of 
the stator winding 11 of an Induction motor 1 0 by mon- 
itoring changes In the axial leakage flux during oper- 
ation of the motor. The apparatus comprises two sub- 
systems, namely means tor sensing the axial leakage 
30 flux and means for processing the signals derived 
therefrom. A further subsystem, which may be neces- 
sary in some cases, Is some form of speed measure- 
ment in order to gain a measure of the slip of the mo- 
tor when loaded, 
so The flux sensors shown In Figure 6 are air cored 
colls 1 3, which are Inexpensive and easfly fabricated. 
The preferred location of the search coils Is axteym- 
metric with the drive shaft of the motor, either Inside 
or outside the motor casing. In the illustrated embodl- 
AO ment there are four search colls 13 distributed sym- 
metrically around the aids of the motor adjacent to an 
end winding of the stator 11. In principle there could 
be more than four search colls, but the use of four 
search colls arranged as diametrically opposed palm 
48 simplifies the signal processing procedures and cir- 
cuitry. 

Speed measurement, W required, can be accom- 
plished In a number of ways. In some cases, speed in- 
formation la available at the motor control centre In 
ao the plant However, It is possible that some type of 
transduction system may be necessary. A measure of 
the rotational speed of the rotor Is needed in order to 
calculate the slip of the motor. The slip is required be- 
cause the harmonics of the axial leakage flux are de- 
55 pendent on the Blip of the motor. Rotational speed can 
easily be obtained by measuring the time required tor 
a reference point on the drive shaft to complete one 
revolution. In practice this can be done by painting a 

5 
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stripe on the drive shaft and using a device such as 
a photo transistor to g enerate an electrical pulse each 
time the stripe passes under the photo transistor. 

It is necessary to condition the voltage signals 
derived from the search coils, which are normally of 
only a few mBllvolta. In order to bring these signals to 
more manageable levels they, are amplified by pre- 
amplifiers 14. Furthermore, In order to remove the 
power frequency component! which Is relatively high 
and likely to saturate subsequent amplifier stages, 
the signals aire filtered by power frequency notch fil- 
ters 1 5. Alternatively, very wide dynamic range ampli- 
fiers may be used. The four analogue signals, after 
conditioning, are digitized to produce respective 
"first" signals having magnitudes corresponding to 
the harmonlo flux detected by the four search coBs 
13. These "first" signals are subsequently processed 
by a computer 16 as hereinafter described, to deter- 
mine the angular position of a detected stator fault 

The analogue signals from the notch filters 1 5 are 
also summed by a summing amplifier 17, the sum- 
med signal then being digitized. This summed signal 
must now be decomposed into Its harmonic compo- 
nents. TWO practical approaches to this task are pos- 
sible. Given that the components of the axial leakage 
flux are mathematically predictable, a set of filters, 
tuned to the frequencies of Interest, can be used. The 
outputs of these fitters can be monitored for changes 
which potentially Indicate the onset of a fault condi- 
tion. In prax^Jnvlewoftrievaiietyofn^rdeslgna 
which exist, construction of discrete filters tailored to 
the motor parameters is not a practical approach. 
However, by using digitally controlled analogue Ti- 
ters, it is possible to set up an array of fitters which can 
be readily customized to the particular motor. For ex- 
ample, a single controllable filter may be sequentially 
stepped through the predetermined frequencies of In- 
terest 

The preferred method, according to the present 
Invention, of decomposing the signal into its harmonlo 
components is to digitize the signal from the summing 
amplifier 17 and to transform the digital signal to the 
frequency domain by means of a fast Fourier trans- 
form (FFT). In this way, a further signal having a val- 
ue corresponding to the magnitude of selected har- 
monic components of axial leakage flux is derived. 
The harmonic components are selected as being 
those which are significantly affected by the occur- 
rence of a stator fault 

The preferred method wffl now be described with 
reference to Figures 8 and 7. 

In order to detect the occurrence of a stator tamt 

by monitoring changes In the axial leakage flux, It Is 
first necessary to Identify the frequencies of the har- 
monic components which are significantly affected by 
the occurrence. These can be calculated from the 
machine parameters and the conditions under which 
the motor Is operating. 



Referring to Figure 6, the first thing to do is to in- 
put Into the computer the relevant input parameters, 
specifically the number of poles of the motor and Its 
nominal speed (BLOCK 21). From these parameters 
5 the harmonic components of axial leakage flux under 
faulted and no-fault conditions are computed {BLOCK 
22). If the motor Is on-load (BLOCK 23), the rotor ve- 
locity has to be taken Into account (BLOCK 24); In 
either case the results of the calculation are Input Into 
10 the Initialization procedure (BLOCK 25). The summed 
outputs from the search coils are recorded at a first 
period t(n) and converted to the frequency domain, -> 
A(f f t(n)) (BLOCK 26) as previously described. The re- 
sults are tested (BLOCK 27) and should confirm the 
is calculations of (BLOCK 23). 

The next step m the procedure is to measure and 
record the summed output of induced emf on each of 
the search colla at a second period t(n+1). and con- 
verted to the frequency domain, Aff,t(n+1)) 
20 (BLOCK29).L If a possible fault la detected by apply- 
ing the test 

A(fXn + 1))»A{f,t(n)) (BLOCK 30) 
then the summed output from the search colls Is 
measured and recorded at a third period and corrvert- 
25 ed to the frequency domain, -*A(f,t(n + 2)) (BLOCK 
31). The possible fault is conf Irrned or ignored by test- 
ing whether 

A(f,t(n ♦ 2))»A(f,t(n)) (BLOCK 32) 
K the result Is positive, the fault la confirmed; 
so otherwise loan betaken that the apparent fault was 
due to a temporary or spurious event 

If the fault is conf Irrned, the rms value of Induced 
emf In each of the search coils In the faulted condition 
of the motor is measured and recorded, (BLOCK 33). 
35 The emf value for the faulted condition is subtracted 
from the stored emf value for the healthy condition, 
for each search col, and the modulus of the differ- 
ence Is taken (BLOCK 34). From the moduli value so 
obtained the angular position of the fault with respect 
40 toe datum position can be calculated, (BLOCK 35), 
as wm be described with reference to Figure 7. The 
occurrence of the stator fault, and its position to the 
stator winding, are then displayed (BLOCK 38). 
Upon confirmation of the occurrence of a stator 
45 fault (BLOCK 32), the angular position of the fault is 
determined by using the algorithm illustrated In Fig- 
ure 7. This algorithm Involves the use of values de- 
rived from signals obtained after the occurrence of 
the fault, as will now be described, as well as the fol- 
ao lowing values: 

R, = racflus of the circle on which the axes of the 
search coos He, this value having been entered 
and stored initially; 
r 2 ■ mean radius of the end winding of the stator, 
55 this value having been entered and stored ini- 

tially; 

EMF (healthy) * the values of said "first" signals de- 
rived from the search colls, these values hav- 



PAGE 15/29 * RCVD AT 9/18/2007 3:51:53 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-5/8 ■ DNIS: 2738300 ■ CSID:4077360440 " DURATION (mm-ss): 00-32 



SEP. 18. 2007 4:11PM 407-736-6440 



NO. 7857. P. 



11 



EP 0 652 991 A2 



12 



Ing been stored prior to the occurrence of the 

fault v 
Referring to Figure 7, the number of search coils 
n was previously entered into the computer and stor- 
ed (BLOCK 41). In the present example n * 4. and In s 
the algorithm the Individual search cofls are Identified 
by thB letter x* where x = 1 , x - 2. x » 3 and x.- 4, re- 
spectively. 

The signals from the search colls, previously re- 
ferred to as the "first" signals, are examined In turn, 10 
(BLOCKS 42, 43, 44). The "ftref signal from each of 
the search cofls corresponds to the axial leakage flux 
detected by the search coll, being derived from the 
voltage signal which ts a measure of the rms value of 
the emf Induced In the coll. The value of this signal, 1 s 
denoted by EMF (faulted, position x). is subtracted 
from the previously stored value of the signal EMF 
(healthy, position x), (BLOCK 46), and the modulus 

I B(x) I Is taken (BLOCK 46). 

The computer now has In store all the necessary 20 
values and parameters from which the angular posi- 
tion of the stator fault can be computed, namely R,, 
Rat, B„ B* B* B* From these values the following re- 
lationships are derived, (see BLOCK 47): 
± Vl * cOB-ip.S^/Ra + rVRi)-(Bi - 82X0*1 ♦ B^l 26 
± V 2 " oos-ip.SXR^ + rVRiMBa - B4y(B» + B 4 )] 
Since v»^« 90°, the required angular position of 
the fault y 0 can be determined. In other words the 
quadrant In which the fault lies can be readily deter- 
mined. 30 

Thus, considering the first pair of diametrically 
opposed search coils 1, 2. one must determine 
whether EMF(fault 1) Is greater or less than EMF- 
(fault, 2), (BLOCK 48). If it is greater, then the fault Is 
alone of the positions ±vi from coil 1, (BLOCK 48). If 9$ 

II Is less, then the fault is at one of the positions ±y, 
from coil 2, (BLOCK 50). In order to resolve the am- 
biguity, one must now determine whether EMF(fault, 
3) is greater or less than EMFJfautt, 4), (BLOCK 51). 

If It Is greater, then the fault Is at a position ±^2 from . 40 
coO 3, (BLOCK 52), while If It Is less the fault is at one 
of the poslttons ±vafrom coil 4, (BLOCK 53). The fault 
obviously lies wtthin t he quadrant defined by ±yi and 
±V2> (BLOCK 64); that Is to say. the angular position 
Vo of thefauit with respect to the datum pes Won Is glv- 45 
en by 

V» ° w l ■ Viz + 90° • 
This position Is displayed along with indication that a 
fault has occurred. 

so 

Claims 

1. A method of detecting and locating statorfaults In 
a dynarnoelectric machine having a rotor and a 5S 
stater with multitum stator coils by monitoring 
changes In axial leakage flux during operation of 
the machine, comprising 



Identifying the frequencies of selected 
harmonic components of axial leakage flux that 
are to be significantly affected by the occurrence 
of a stator faint, 

detecting the axial leakage flux at each of 
a plurality of positions, Including a datum posi- 
tion, distributed symmetrically around the axis of 
the rotor adjacent to ah end winding of the stator, 

deriving from the detected flux at each of 
said positions a first signal having a value corre- 
sponding to the magnitude of the detected flux, 

storing the values of said first signals de- 
rived prior to the occurrence of a stator fault, 

deriving from the detected axial leakage 
flux a further signal having a value correspond- 
ing to the magnitude of said selected harmonic 



monitoring said further signal and detect- 
ing a change therein thereby detecting the occur- 
rence of a stator fault, 

storing the values of said first signals de- 
rived after the occurrence of the stator fault, and 
comparing the values of said first signals 
stored before and after the occurrence of a stator 
fault and storing the differences therebetween, 
and determining from said comparison a value 
representing the angular position of the stator 
fault with respect to the datum position. 

2. A method according to dalml, wherein the stor- 
age of said first signals derived after tha occur- 
rence of a stator fault is initiated by the detection 
of the fault 

3. A method according to daim 1 or 2, wherein the 
extol leakage flux Is detected at each of tour pos- 
itions. Including said datum position, distributed 
symmetrically around said axis. 

4. A rr^hod according to cjaim 3, wherein the de- 
termination of said value representing the angu- 
lar position of the stator fault comprises: 

storing a value R t representing the radlsJ 
distance of said four positions from the axis of the 
stator, 

storing a value R2 representing the mean 
radius of the stator end winding, 

computing values B1 and B* correspond- 
ing respectively to the moduli of said differences 
between the stored values of said first signals de- 
rived from the detected flux at one diametrically 
opposed pair of said flux detecting positions, 

computing values B 8 and B* correspond- 
ing respectively to the moduli of said differences 
between the stored valu es of said first signals de- • 
rived from the detected flux at the other diamet- 
rically opposed pair of said flux detecting posi- 
tions, 
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computing values^ and v& where end winding thereof. 

±tp, ■ cos^O^FtyRa + fVRO.fBi- 

B^Bt + B*)] 
± y 2 = cos- 1 [0.5(Ri/Ra + R2/Ri).(B 3 - 

B^ + B,)!. 5 
, determining therefrom the angular posi- 
tion of the stator fault y 0 *Kh reject to said da- 
tum position from the relationship 

Vo ■ V1 c V* + SO 0 ' 

and displaying the value w ,0 

5. A method according to any one of claims 1 to 4, 
wherein the spectrum of axial leakage flux Is ana- 
lysed by 

deriving a respective voltage eignal corre- 19 
spending to the detected leakage flux at each of 
said plurality of positions, summing the derived 
voltage signals, digitizing the sum of said voltage 
signals, and transforming the digitized signal to 
the frequency domain by means of a fast Fourier 20 
transform. 

6. Apparatus for detecting and locating atator fautts 
in an induction motor by monitoring changes In 
axial leakage flux during operation of the motor, 25 
comprising: 

means for detecting the axial leakage flux 
during operation of the motor, eaid means Includ- 
ing means for deriving a plurality of first signals 
each having a veiue corresponding to the detect- so 
ed flux at a respective one of a plurality of posi- 
tions, including a datum position, distributed 
around the axis of the motor, 

means for deriving from the detected flux 
a further signet corresponding to the magnitude 35 
of the detected flux at selected harmonic fre- 
quencies, 

first data processing means for monitoring 
said further signal and for detecting the occur- 
rence of a atatpr fault by a change in the value 40 
thereof, and 

second data processing means respon- 
sive to said first data processing means, said sec- 
ond data processing means including: 

(0 means for storing said first signals prior to 49 
the occurrence of a stator fault. 
(II) means responsive to the detection of a sta- 
tor fault for storing said first signals after the 
occurrence of the fault, and 
(Hi) means for computing from said stored va*- 50 
ues of said first signals the angular position of 
the atator fault with respect to said datum pos- 
ition. 



7- Apparatus according to daim 6, wherein said 55 
means tor detecting the axial leakage flux com- 
prises four Mux sensing coils mounted symmetri- 
cally around the axis of the stator adjacent to an 
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